Abstract. The energy recovery system of the parallel hybrid electric vehicle (HEV) tend to affect the vehicle stability, this paper analyzed the structure of the parallel HEV energy recovery system with the semi-active suspension system (SAS) and the anti-lock braking system (ABS), then built a parallel HEV energy recovery system model in the CarSim-Simulink platform, including the power, the brake, the ABS, the SAS, the controller and the whole vehicle dynamics models. Two models of integration and independent control strategy are set up and simulated respectively, the results show that integration control strategy can better keep vehicle stability, and reasonably allocate the energy recovery ratio to improve fuel economy, and indicate that the model is available for the research of control strategy between energy recovery and vehicle stability.
Introduction
The energy recovery system in a parallel hybrid electric vehicle (HEV) is an important component to recycle and store the excess kinetic energy and potential energy during the braking, downhill, idling etc conditions, aim to make full use of the electrical energy, and effectively improve the HEV's fuel economy [1, 2] . However, the energy recovery system generally produce additional forces to the vehicle during recycling kinetic energy or potential energy, which will change the original braking allocation of the vehicle, thus affected the vehicle power composition and stability [3] [4] [5] . Therefore, it is necessary to build a proper model of the parallel HEV for studying the control strategy of the vehicle stability during effectively energy recovery process. CarSim, as a vehicle multi-body dynamics software, is widely used for the prediction and simulation of the vehicle stability and fuel economy performance characteristics, and has a friendly interface with Simulink software to jointly build an external module of vehicle system, which makes the modeling more flexible [6, 7] .
In this paper, the parallel HEV with the semi-active suspension system (SAS) and ABS system, which play important roles in controlling the stability of vehicle during the braking and downhill cases [8] , is studied. The structure and working principle of the energy recovery system are analyzed. Then the parallel HEV model is built on the vehicle multi-body dynamics CarSim software platform with the Simulink software, including the vehicle dynamic system model, the brake system model, the ABS system model, the SAS system model and controller model. Finally, the integration controller and independent controller models are simulated and analyzed. The results show that the integration control can better coordinate the relationship between energy recovery and vehicle stability, and verify that the model is useful for the control strategy research. Figure 1 shows the structure of parallel HEV energy recovery system, which is studied in this article. The system is the rear wheel drive, the power source is composed of the fuel engine and electric motor, the engine and motor are connected in parallel, which can provide the power separately or together. The integrated started generator (ISG), as electric motor, can be used as the output power of the motor and also can be converted into electric energy and stored in the battery. Engine and motor are controlled by controlling two clutchs, respectively. The torque coupler will control torque transmission, which can be used to drive the vehicle through transmission, or transferred to ISG motor for energy recovery in different operating conditions [9, 10] . The SAS system consists of four damping adjustable suspensions, including throttle valve dampers which are controlled by the stepper motor, then the vehicle's ride comfort can be improved by controlling the stepper motor [7] . The brake system consists of the brake pedal, stroke simulator and electronic control brake, and equipped with ABS system to control four-wheel braking, respectively. The brake pedal stroke simulator receives signals from the brake pedal, and converted electrical signals to electronic control brake, then jointly controlled the four wheel braking force with ABS system according to the wheel speed sensor signals, brake hydraulic signal, etc, thus make the vehicle more stable and safe when braking [11] . 
Structural Analysis of Energy Recovery System

Model of Energy Recovery System
According to the analysis of the parallel HEV energy recovery system structure in previous section, it can be divided into power system, brake system, ABS system, SAS system, vehicle dynamics and the system controller, as shown in Figure 2 . The brake system and ABS system work together for the vehicle's braking process. The corresponding ECU modules are set up in each subsystem model, and can interact with each other. The system controller model receives signals from subsystems and vehicle dynamics models, then outputs corresponding regulatory factor to each subsystem model through the existed control strategy, to realize the control of vehicle stability and the energy recovery. The vehicle dynamics model is built by setting the parameters in the CarSim software, and other models are built in Simulink software. The original engine drive system, shock absorber and brake system in vehicle dynamics model are removed, instead of rear wheel drive torque, four-wheel brake wheel chamber pressure and four suspension shock absorber damping force as the input signals, and the speed, acceleration, wheel speed, body roll angle, wheel vertical load, body pitch angle, vertical acceleration of body mass center, and damper compressibility as the output signals, which are used as the interface to connect the models in the Simulink software. The parameters of CarSim vehicle dynamics model are shown in Table 1 . 
Power System
The schematic diagram of the parallel HEV power system model in the Simulink software is shown in Figure 3 . The model set up the fuel engine module and ISG motor module, the power torque (T) is transmitted to the vehicle model as the rear wheel drive force through the clutch A/B module, the torque coupler module and the powertrain model. Meanwhile, the torque transfer is reversible, the power torque (T) from the vehicle model or engine module also can be passed to the ISG motor, and stored in the battery module, which are controlled by the corresponding control strategies in a power controller model. Figure 4 . The model firstly determines the information of vehicle condition and operation condition under the judging rules. The vehicle condition includes braking, idling, uphill, downhill, speed up and constant speed, by receiving the signals such as braking stroke(Lb), speed(v), acceleration(a), the pitch angle, the road information, the battery charged state (State of Charge, SOC) and voltage from the other subsystem models. Meanwhile, the power controller model gets the regulation factor from the system controller, and combines with the vehicle condition, working condition and road information, then to control the clutch A/B, the torsion coupler and the throttle valve. The power system is controlled by a logic closed-loop control strategy in the power controller, the clutch A/B, torque coupler and throttle valve are set as the control units, and feedback output information of the power system to the power controller model, and then control each subsystem to obtain the target output on the basis of the logical rules. Finally distributed the power effectively and reasonably, and made full use of the braking force and driving force from the motor, to get an effective way in energy recycling and keeping the stability of vehicle driving. 
Brake and ABS System
The brake systems usually work together with the ABS system to control the hydraulic braking force of four-wheels. Figure 5 shows the schematic diagram of brakes and ABS system models built in the Simulink software. Stroke simulator is used to convert the brake pedal signal into electrical signal, and transferred to E-brake ECU module. E-brake ECU module also gets the signals of speed, wheel speed and braking hydraulic, and the regulating factor inferred from the system controller model. Finally the ABS actuator obtains the value of the total brake hydraulic derived from the corresponding control strategy. As shown in Figure 5 , the ABS system not only controls the braking forces together with the brake system, but also maintains the vehicle ride comfort combined with the SAS system to prevent vehicle 'nod' when braking, which interconnected by the wheel vertical load signals. The ABS system ECU module receives the speed, wheel speed, total brake hydraulic pressure and wheel vertical load information, and gets the regulating factor inferred from the system controller model, then decides the needed value of the four wheel cylinder pressure through the ABS actuator under a fuzzy logic control strategy, then controlled the electromagnetic valve to distribute four wheel braking torque efficiently.
SAS System
The SAS system implements the control of the vehicle driving stability by controlling the shock absorber damping forces. In Figure 6 , the schematic diagram of SAS system model in the parallel HEV energy recovery system is shown, SAS system ECU module receives the damper compressibility, speed, vehicle roll angle and the wheel vertical load information from vehicle dynamics CarSim model, and gets the regulatory factor, then outputs four shock absorber damping forces with a fuzzy logic control strategy. Meanwhile, controlled the step pulse signals to regulate the four dampers' damping force in the parallel HEV vehicle suspension system, so that realize the driving comfort. 
Controller Model and System Connection
In the process of driving, the motor provides a part of braking or driving force, so other system controllers must considers the effects from the motor, to better keep the vehicle system working normally. In this paper, we design an integrated coordinated controller model to realize optimal driving state, by judging the states of the power systems, ABS system, brake system and vehicle system in the parallel HEV, and output the corresponding regulatory factors to each subsystem. Figure 7 shows the schematic diagram of system controller model in the parallel HEV energy recovery system model, the system controller obtains and analyzes the signals, including the signals of battery SOC, voltage and fuel quantity from the power system model, the signals of total braking hydraulic and four-wheel brake hydraulic brake from the ABS system model, the pedal stroke signal from brake system model, the signals of speed, acceleration, wheel speed, body roll angle, wheel vertical load, the pitch angle and the vertical acceleration from the CarSim vehicle model, as well as the driver control signals and road information, finally output different regulatory factors to the power system, ABS system, brake system and SAS system, as reference variables for the control of each subsystem. Regulatory factors are important parameters for the controller model, and set to the value in [0, 1] interval, the regulatory factors that input to the power system, ABS system, brake system and the SAS system are represented by kpower, kABS, kbrake, kSAS, respectively. Each subsystem control unit receives the corresponding regulatory factor, and gets the proper outputs to the actuators combined with the other parameters.
Among the all the regulatory factors, the regulatory factor kpower plays a key role in the power system controlling, and is directly used to coordinate the relationship between braking energy recovery efficiency and vehicle stability, the function relation is expressed as Ktarget = K * kpower, where K is the ratio of motor braking torque Tmotor and the total braking torque Ttotal, i.e., K = Tmotor / Ttotal, Ktarget is the target ratio. The value of battery SOC and the rate of pitch angle ▽δ are selected as input parameters, and the ▽δ is set a comparable threshold A (where A =2 deg/s), the ▽δ is disposed by quantity as ▽δ/A. The value of kpower is regarded as only output, and achieved the optimal target ratio Ktarget based on a fuzzy control strategy.
The value of regulatory factor kABS is set as a coefficient that related to the ratio of rear wheel motor braking force, and is used to reflect the distribution status of two kinds of braking forces on rear wheel, so as to optimize the control strategies of ABS system. The value of regulatory factor kbrake is the coefficient that reflect the driver control, vehicle condition and road information, which acts on the control of total braking force to ensure the driving safety. The value of regulatory factor kSAS is set as a coefficient that related to the wheel vertical loads and the ratio of motor braking force, to optimize the damping force of the suspension system in the front and rear wheels.
In Figure 8 , the combined simulation model of parallel HEV energy recovery system on the platform of CarSim-Simulink software is shown, including the CarSim vehicle model, the power system model, the brake system model, the ABS system model, the SAS system model and the system controller model, which are configured the input/output interfaces, respectively. The parallel HEV vehicle Carsim model consists of the body, tires, steering, road surface and wind-resistance models, and is connected with the Simulink models based on the input/output interfaces. The driver model, the power system model, brake system model, ABS system model and SAS system model, as well as the corresponding ECU modules and system controller model by the Stateflow block and Fuzzy Logic Controller block are built in Simulink software. The parallel HEV energy recovery system model is a closed loop simulation system, and need to artificially set different road parameters and the controller type, and then simulating and analyzing the recovery efficiency and the stability of the parallel HEV. The model adopts the modular structure, which is easy to change or optimize the control strategy, and set the operating state of the system controllers in the driver model. 
Simulation
In order to verify the validity and practicability of the model of parallel HEV energy recovery system, the model was set a straight line road condition, and driven by the target speed control method along the side of road in the CarSim, and then simulated. As shown in Figure 9 (a), the maximum vehicle speed is 94.4795 km/h, the minimum speed is 37.4404 km/h, the average speed is 61.0866 km/h, the simulation time is 200s, and the driving distance is 3393.5 m. The model is set as two different control strategies: integrated control strategy and independent control strategy. The independent control model is achieved by closing the system controller and setting the all regulatory factors are equal to 1, and the simulation results are shown in Figure 9 and Figure 10 .
As shown in Figure 9 (a) and (b), the actual speed and the hydraulic pressure of the two models are basically same. The pitch angle of the vehicle is one of the important parameters to evaluate the braking and acceleration stability of the vehicle. The battery either provides the electrical energy for driving force during driving, or store the electrical energy transferred from braking energy by the motor, while the engine mainly provides the driving energy. So the pitch angle, the battery SOC and fuel consumption are as the main results of simulation, and shown in Figure 10 , respectively. Table 2 gives the information about the rates of the parameters for the two models. As can be seen, the integration control model vehicle compares with the independent control model vehicle, the peak pitch angle, the value of SOC values and accumulated fuel consumption declined by 25.8%, 9.55% and 5.07%, respectively. The results indicate that integration control model can makes better use of the recycling energy, and reduces the fuel consumption by using electrical energy in the battery as much as possible, and shows a good operability on the control strategy of the parallel HEV energy recovery system model. 
Conclusion
By analyzing the structure and working principle of the parallel HEV energy recovery system with the SAS and the ABS system, this paper puts forward a modeling method of parallel HEV simulation model in CarSim and Simulink software platform, which is used to study the control strategy of the energy recovery and vehicle stability, and developed the vehicle dynamics model, the power system model, the brake system model, the ABS system model, the SAS system model and the system controller model. Then, a parallel HEV energy recovery system model was constructed by connecting each subsystem model. Finally, the model is set with the integrated and independent control strategies, respectively, and simulated. The results show that the integrated control strategy can make the vehicle more stable, and the energy recycling is more reasonable, and indicate that the model can be easily used for the research of the parallel HEV energy recovery system control strategy.
